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INTRODUCTION 30
Studies of genetic variation have shown that the demographic history of dogs has been extremely 31 complex, involving multiple bottleneck and admixture events. However, existing studies have not 32 explored the variance in the number of reproducing males and females, and whether it has changed across 33 evolutionary time. While male-biased mating practices, such as male-biased migration and multiple 34 paternity, have been observed in wolves, recent breeding practices could have led to female-biased mating 35 patterns in breed dogs. In addition, breed dogs are thought to have experienced the popular sire effect, 36
where a small number of males father many offspring with a large number of females. Here we use 37 genetic variation data to test how widespread sex-biased mating practices in canines are during different 38 time points throughout their evolutionary history. Using whole genome sequence data from 33 dogs and 39 wolves, we show that patterns of diversity on the X chromosome and autosomes are consistent with a 40 higher number of reproducing males than females over ancient evolutionary history in both dogs and 41 wolves, suggesting that mating practices did not change during early dog domestication. In contrast, sincesites (see Methods) . 157
158
To understand whether any evolutionary process has been sex-biased over ancient timescales, we 159 computed ! . . We found that in both dog and wolf populations, ! . is significantly less than 0.75 ( Figure  160 1, No cM cutoff), suggesting a male-biased sex ratio, with more males reproducing relative to females. 161 162 ! . of less than 0.75 could occur due to the effect of natural selection on linked neutral sites. Specifically, 163 natural selection could have reduced diversity in linked neutral regions on the X chromosome more than 164 on the autosomes, as seen in humans [23] [24] [25] . Further, it is possible that there is more constraint on noncoding 165 regions near genes on the X chromosome than on the autosomes 31 . To measure how neutral diversity is 166 affected by linked selection, we compared diversity on the X chromosome and autosomes in regions near 167 genes versus putatively unconstrained regions 0.4 cM away from the nearest gene. Diversity increased 168 more with increasing distance from genes on the X chromosome than on the autosomes, consistent with 169 natural selection reducing diversity more on the X chromosome than on the autosomes near genes 170 (Supplementary Table 3) . 171
172
To test whether stronger linked selection acting on the X chromosome relative to the autosomes could 173 cause ! . to be less than 0.75, we expanded our filtering criteria to remove sites that are near genes, 174 defined by genetic distance (see Methods). Since we did not know a priori what the minimum genetic 175 distance would be required to obtain sites that are not affected by selection, we included several 176 thresholds. We removed sites whose genetic distance to the nearest genes is less than 0.2 cM, 0.4 cM, 0.60.75 across all dog and wolf populations. In sum, our results suggest that there has been male-biased sex 186 ratios in both dogs and wolves over ancient evolutionary timescales. of the X chromosome to be three-quarters that of the autosomes should result in a ! . comparable to the 197 empirical data. Additionally, we then employed a composite likelihood framework to directly infer the 198 # $ # % ratio from the SFS while accounting for the complex non-equilibrium demography. 199
200
First, we fitted a demographic model that includes a bottleneck using the SFS on the autosomes using 201 fastsimcoal2 33 for each population considering regions of greater than 0.4 cM, 0.6 cM, 0.8 cM, and 1 cM 202 from genes. We reasoned that we would not be able to exclude the role of selection when not removing 203 sites near genes or using too small of a threshold (i.e. 0.2 cM). We also corrected for male mutation bias 204 using mutation rates that we inferred from dog-cat divergence in the same windows (see Methods;data are presented in Supplementary Table 5 . To test whether the inferred demographic parameters can 207 recapitulate the autosomal data, we used fastsincoal2 to generate the expected SFSs. In all populations 208 except the German Shepherds, across all thresholds examined, we observed that the SFSs generated using 209 the inferred demographic parameters visually match with the empirical autosomal SFSs (Supplementary 210 Figure 2 ). The differences in log-likelihood between the simulated SFSs and the empirical SFSs are also 211 small (Supplementary Table 6 ), confirming our visual inspection of the fit of the demographic models. In 212 addition, autosomal genetic diversity (/) computed from the demographic model is comparable to the 213 empirical estimates of / (Supplementary Figure 3) . Thus, these lines of evidence demonstrate that the 214 inferred demographic parameters can recapitulate the empirical data on the autosomes, except for the 215 more stringent filtering on the German Shepherd (See Supplementary Note 1). 216
217
To understand whether the demographic model including a bottleneck that was fitted to the autosomal 218 data could account for the level of diversity on the X chromosome, we used the inferred demographic 219 parameters to simulate the SFSs for the X chromosome. To account for the differences in population size 220 between the X chromosome and the autosomes, we adjusted the population size on the X chromosome by 221 a constant value which we called @, where # $ = @# % . If a bottleneck by itself without any sex biased 222 demography can generate a ! . of less than 0.75, we expected that using a @ value of 0.75 would 223 recapitulate the empirical data. If a bottleneck model by itself is not sufficient to generate a ! . of less 224 than 0.75, and sex-biased processes need to be invoked, we expected that rescaling the population size on 225 the X chromosome to be three-quarters of the population size on the autosomes would not fit well. Rather, 226 a different value of @ would yield a better fit. 227
228
To assess whether a null @ value of 0.75 or a different @ value yielded a better fit to the empirical SFSs 229 on the X chromosome, we searched over a grid of @ values. We found the maximum likelihood value ofcalculated the population size on the X chromosome, which is # $ = @# % . We then used fastsimcoal2 to 232 simulate an SFS and assess the fit by comparing the Poisson log-likelihood to the SFS on the X 233 chromosome (see Methods). For each population and for each threshold, we found a set of @ values that 234 maximizes the likelihood of the data ( Figure 2 , Table 1, Supplementary Table 7) . 235
236
With the exception of the German Shepherd at the most stringent filtering thresholds (>0.8 cM and >1 237 cM), we inferred that @ is less than 0.75 for all population and filtering thresholds. When using a filtering 238 threshold of 0.4 cM from genes, we found that @ ranges from 0.61 to 0.68. The full model, where we 239 inferred @ for each comparison, fits the observed X chromosome SFS significantly better than a model 240
where @ is constrained to be 0.75 (Likelihood Ratio Tests > 30, p-value < 10 -8 ; Table 1 ). Further, the null 241 
Female-biased sex ratio within dogs in recent history 251
Since estimates of sex ratios from levels of genetic diversity are sensitive to ancient sex-biased processes 252 (prior to or immediately after the split between two species), we wanted to determine whether the pattern 253 of male-biased contributions remained constant throughout the evolutionary history of canines 20 . To study 254 sex-biased demography on recent timescales, we computed ! 412 for each pair of populations (seeBreed Dogs. We observed that ! 412 is greater than 0.75 for all three pairs and across all thresholds, 258 suggesting a female-biased sex ratio within the dog populations in recent history (Figure 3 and 259
Supplementary Figure 6 ). This is consistent with fewer reproducing males than females in the population 260 since the formation of different dog breeds. In the wolf to wolf comparison, we computed ! 412 between 261
Arctic Wolves and Pooled Grey Wolves. In contrast to the breed dogs, we found that ! 412 is less than 262 0.75 when using the thresholds of >0.4 cM and >0.6 cM, suggesting that a male-biased sex ratio has been 263 maintained within the wolf populations in recent history (Figure 3 and Supplementary Figure 6) . 264
However, we noted that when using a more stringent threshold (>0.8 cM or >1 cM), ! 412 within wolves 265 approaches 0.75 or greater than 0.75 (Supplementary Figure 6) . We could not exclude the possibility that 266
we are unable to detect a true signal in the data due to significantly fewer sites and variants left after the 267 more stringent filtering (Supplementary Table 4 ). Overall, these results indicate that while the process 268 within wolves has probably maintained a male-bias from ancient to recent history, the process within dogs 269 has changed to female-bias, potentially because of breeding practices that have led to female-biased 270 processes such as the popular sire effect. 271
272

DISCUSSION 273
In this study, we used two different statistics to estimate the ratio of reproducing males to females in 274 canines and found that the demographic history of dogs and wolves has been sex-biased, but not always in 275 the same direction. Estimating the sex ratio based on the levels of genetic diversity (! . ) from the X 276 chromosome and autosomes showed a male-biased sex ratio in both dogs and wolves on an ancient 277 timescale, which cannot be explained by linked selection or a population size reduction on its own ( Figure  278 reproduction is common and may involve multiple fathers for a single litter 14 . Multiple paternity is a 281 unique aspect of canid reproduction and may help drive a male bias in reproduction, as offspring of a 282 single litter can only have a one mother, but may have multiple fathers and litter size may be as large as 283
individuals
34 . In addition, wolves migrating to existing wolf packs are predominantly male-biased 14 . 284
Further, "Casanova wolves" who stay near a wolf pack during mating season to mate with the non-alpha 285 females could also cause male-biased mating patterns 15 . Multiple paternity and male-biased migration 286 likely occurred in early dogs, but under more recent controlled breeding, valuable sires would be the only 287 father of a litter. Hence the controlled nature of breeding in modern dog breeds, and the focus on a subset 288 of "popular" sires could drive the female bias in reproduction. The population sire effect also reduces the 289 effective size of breeds and effects such as inbreeding further skew evolution in modern breeds. 290
291
In addition, we observed that determining the amount of bias based on the absolute value of ! . by itself 292 can lead to overestimation, because the reduction of diversity on the X chromosome due to a population 293 size reduction is not accounted for. For example, in Tibetan Mastiff, when using a threshold of 0.6 cM to 294 remove linked neutral sites, a ! . of 0.52 suggests an # $ # % ratio of 0.52. However, we inferred a C 295 value of 0.57 (confidence interval: 0.56-0.6) using our modelling framework, indicating that the sex ratio 296 is higher than when just examining the absolute value of ! . . This difference exists because the estimate 297 of ! . could be affected by a population size reduction differentially influencing diversity on the X and 298 autosomes 32 , but our inference framework accounts for this effect. Our findings suggest that inferring the 299 sex ratio in a model-based framework should yield a more accurate estimate than the absolute ! .
. 300 301
Our results add to the growing literature on the complex demographic history of dogs (reviewed in 302 . In addition to multiple episodes of bottleneck and 303 admixture events, we now present evidence for sex-biased demographic processes. Furthermore, we 304 provide evidence that sex-biased processes within dogs have changed throughout evolution, switchingsex-biased demography in dogs. Some limitations in this study provide avenues for future work. First, our 308 study was limited by the availability of high coverage (>15X coverage) whole-genome sequences of 309 female individuals at the time of analysis. Future studies could utilize more female individuals and a 310 variety of populations to understand whether there are differences in sex-biased processes between 311 breeds. Second, future work could extend our modelling framework by including more complex 312 demographic scenarios such as migration events to better capture the autosomal data, especially the 313 German Shepherds. Finally, future studies could examine whether processes such as admixture with 314 wolves or introgression has been sex-biased. 315
316
METHODS 317
Whole-genome sequence processing 318
We followed Genome Analysis Toolkit's (GATK) documentation for variant discovery best practices [35] [36] [37] . 319
Scripts used for processing whole-genome sequencing for each of the following steps can be found at 320 https://github.com/tnphung/NGS_pipeline. 321
322
Data pre-processing for variant calling 323
First, we converted all fastq files to raw unmapped reads using Picard FastqToSam 38 . Second, we marked 324
Illumina adapters using Picard MarkIlluminaAdapters 38 . Third, we mapped to the reference dog genome 325 (canFam3) using bwa-mem 39 . Fourth, we marked duplicates using Picard MarkDuplicates 38 . We then 326 recalibrated base quality scores using GATK where we performed three rounds of recalibration to obtain 327 analysis-ready reads in BAM file format. 328
329
Variant calling with GATK 330
We used GATK Haplotype caller for variant calling [35] [36] [37] . We first generated a gVCF file for each 331 individual. We then performed joint-genotyping for all 33 individuals in our study.
format) is between 50% and 150% of the mean depth across all sites. In addition, we only kept sites that 336 were genotyped in all 33 individuals (i.e. the total number of alleles in called genotypes, AN, is equal to 337
66). 338 339
Variant filtering 340
We obtained variant sites from the VCF files by using GATK SelectVariants [35] [36] [37] . We then filtered these 341 variants by applying GATK Hard Filter (QD < 2.0, FS > 60.0, MQ < 40.0, MQRankSum < -12.5, 342
ReadPosRankSum < -8.0). In addition, we only selected biallelic SNPs and removed any clustered SNPs 343 defined by having 3 SNPs within 10bp. 344
345
Filtering nucleotide sites 346
Filtering out the pseudoautosomal regions (PARs) of the X chromosome 347
Previous work showed that the PARs in canines span the first 6.59Mb of the X chromosome 40 . Therefore, 348
we filtered out the PARs by removing any site that overlaps with the first 6.59Mb of the X chromosome. 349
In humans, it was shown that genetic diversity does not drop abruptly at the PAR boundary 41 . Rather, 350 genetic diversity decreases gradually over the PAR boundary and reaches nonPAR diversity past the PAR 351 boundary 41 . One concern is that filtering out the PARs is not sufficient to avoid any inflation of X-linked 352 variation. However, if this is the case, we would expect ! . we calculated to be higher than the actual ! . . 353 Therefore, ! . less than 0.75 is not caused by not sufficiently filtering sites on the nonPARs. 354
355
Filtering sites that could be under the direct effect of selection 356
To control for the effects of direct selection, we removed sites that are potentially functional and therefore 357 are more likely to be affected by purifying or positive selection. Specifically, we removed sites thatWe also removed sites that are conserved across species. To obtain conserved sites, we downloaded 360 phastConsElements100way for hg19 from the UCSC Genome Browser and used liftOver command line 361 tool to convert hg19 coordinates to canFam3 coordinates. 362
363
Filtering out sites that could be affected by linked selection 364
To control for the effect of natural selection on linked neutral sites, we employed a filtering criterion to 365 remove sites near genes as defined by genetic distance to the nearest genes. We used the genetic distance regions, we found its nearest gene in terms of physical distance. We then converted physical distance to 370 genetic distance using the genetic map from Auton et al. (2013) 42 . Since we did not know a priori what 371 the minimum genetic distance is required to remove sites near genes to control for linked selection, we 372 used multiple thresholds. Specifically, we removed sites whose genetic distance to the nearest gene is less 373 than 0.2 cM, less than 0.4 cM, less than 0.6 cM, less than 0.8 cM, and less than 1 cM. 374
Since we controlled for mutation rate variation by normalizing the uncorrected genetic diversity by dog-377 cat divergence, we identified regions of the genome that are alignable between dog and cat. We 378 downloaded the pairwise alignment between dog and cat from the UCSC Genome browser 44 . We then 379 generated BED files whose coordinates represent regions of the genome that are alignable between dog 380 and cat.
In summary, for our empirical analyses, we used regions of the genome that are (1) not affected directly 383 by selection, (2) not affected by linked selection using multiple thresholds, (3) high in quality (see the 384 section on filtering to obtain high quality sites above), and (4) alignable between dog and cat. 385
386
Computing A B 387
Computing uncorrected average pairwise differences between sequences (π) 388
We computed genetic diversity, π, defined as the average number of differences between pairs of 389 sequences 45 : 390
where D E is the allele frequency and n is the number of alleles. For each 391 region of the genome that satisfies the filtering criteria above, we computed π for the X chromosome and 392 autosomes. To obtain the mean in diversity, π/site, we calculated: //site = 
Computing dog-cat divergence 395
For each region of the genome that satisfies the filtering criteria above, we tabulated the number of DNA 396 differences between dog and cat. To obtain the mean in divergence, we calculated 
Computing male mutation bias 400
We computed male mutation bias (d) using divergence on the X chromosome and on the autosomes as 401 . 402 replicate, the number of fragments chosen was equal to the number of fragments in the original BED file. 411
We generated 1000 bootstrap replicates. For each of the 1000 bootstraps on the X chromosome, we 412 computed uncorrected π, dog-cat divergence, and corrected π. We did the same calculations for each of 413 the 1000 bootstraps on the autosomes. We then divided corrected π on the X chromosome by corrected π 414 on the autosomes to obtain ! . . We calculated 95% confidence interval using 1000 bootstrapped values of 415 
where o E is the number of sites where the alternate allele is present at i copies, q E,C9E is equal to 0 when 443 (Supplementary Table 4) 8 . 454
likelihood framework as implemented in fastsimcoal2 33 . We specified a bottleneck demographic model 458 and inferred four parameters: N ANC which is the population size in the ancestral population, N BOT which is 459 the population size during the bottleneck, N CUR which is the population size in the current day, and T BOT 460 which is the duration between the end of the bottleneck and current day (Supplementary Figure 1) . 461
Further, we repeated the inference of the previous four parameters for values BOT DUR (the duration of the 462 bottleneck) ranging from 75 to 100 generations (Supplementary Figure 1) and chose the value that yielded 463 the highest likelihood. We implemented this procedure for each population and for thresholds of >0.4 cM, 464 >0.6 cM, >0.8 cM, and >1 cM to remove linked sites. The demographic parameters that maximized the 465 likelihood are summarized in Supplementary Table 5 . 466
Inferring # $ # % ratio (@) 468
To account for differences in population size between the X chromosome and autosomes, we scaled the 469 population size on the X chromosome to that on the autosomes by a constant factor we called @, where
Data availability 481
All scripts can be found at https://github.com/tnphung/SexBiased. SRA numbers for fastq files are listed 482 in Supplementary Table 1 Best (C = 0.64) 30862.05
